Abstract-Harmonic motion imaging (HMI) is a radiationforce-based ultrasound elasticity imaging technique, which is designed for both tissue relative stiffness imaging and reliable high-intensity focused ultrasound treatment monitoring. The objective of this letter is to develop and demonstrate the feasibility of 2-D focused ultrasound (FUS) beam steering for HMI using a 93-element, FUS phased array. HMI with steered FUS beam was acquired in tissue-mimicking phantoms. The HMI displacement was imaged within the steering range of ±1.7 mm laterally and ±2 mm axially. Using the steered FUS beam, HMI can be used to image a larger tissue volume with higher efficiency and without requiring mechanical movement of the transducer.
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I. INTRODUCTION
O VER the past two decades, several radiation-force-based elasticity imaging techniques have been developed to estimate tissue stiffness and thus detect tumors using various forms of tissue perturbation for the detection of stiffer masses, including acoustic radiation force impulse imaging [1] , vibro acoustography [2] , and shear wave elasticity imaging [3] . Harmonic motion imaging (HMI) is capable of monitoring the displacement in seamless synchronization with the application of radiation force, with applications to monitoring thermal ablation and tissue viscoelasticity evaluation [4] - [6] .
Electronic steering is achieved by varying the delay of the sinusoidal signal applied to each element of the transducer to move the focal spot position from the geometric focal spot. The main interest of the electronic steering compared to the mechanical movement arises from the dramatically shorter time required to move the focal spot. The response time for electronic steering is approximately equal to the time of flight of the ultrasonic beam from the transducer to the focus (less or equal to 100 μs). Studies have indicated that using electronic steering can greatly increase the rate of tissue coagulation and reduce the total treatment time [7] . Using electronic steering can also help avoid poor coupling between transducer/skin interfaces introduced by mechanical movement. The main limitation of the electronic steering approach lies in the spatial steering range, typically on the order of 1 cm along a given direction [8] , [9] .
In this letter, the electronic steering is proposed for facilitating HMI by electronically steering the focal spot to several 
II. METHODS AND RESULTS
HMI measures the oscillatory response of the targeted region to an oscillatory radiation force. The radiation force is caused by applying amplitude modulation (AM) on the acoustic wave as it propagates through a medium. When an AM waveform is used to drive the focused ultrasound (FUS) transducer, the radiation force is oscillating at the modulation frequency ω m , which is 25 Hz in this letter. In an attenuating homogenous medium and assuming plane wave propagation, this radiation force can be expressed as [10] , [11] [14] .
Imaging was performed in a plane wave flash mode with a frame rate of 1000 Hz. The incremental axial tissue displacements were estimated by performing a fast 1-D normalized cross correlation [15] between sequentially acquired tracking lines. The HMI system ( Fig. 1) consisted of a FUS phased array and an imaging phased array coaligned through the central opening (diameter = 41 mm) of the high-intensity focused ultrasound (HIFU) transducer. The FUS transducer had 93 elements ( f c = 4.5 MHz and D = 70 mm, Sonic Concepts Inc., Bothell, WA, USA). The −3 dB focal size was equal to 0.3 mm (transverse) by 1.1 mm (axial) in water. The imaging probe had 64 elements ( f c = 2.5 MHz, P4-2, ATL/Philips, Bothell, WA, USA). The FUS phased array operated through a ultrasound imaging research system (Vantage 256, Verasonics, Bothell, WA, USA) and the diagnostic probe is operated through another four-board ultrasound system (V-1, Verasonics, Bothell, WA, USA). A fiber optic hydrophone (HFO-690, Onda, Sunnyvale, CA, USA) was used to measure the pressure field and assess steering range in water. HMI using a steered FUS beam was acquired in tissue-mimicking phantoms. Gelatin powder (Gelatin 50 bloom, MP Biomedicals, Irvine, CA, USA) was used to construct three homogeneous tissue-mimicking phantoms with elastic modulus of 10 kPa. The concentration of gelatin powder was 50.7 gL −1 yielding a stiffness of 10 kPa [16] .
A pressure profile with steering was acquired in free field to calculate the focal pressure loss due to beam steering. A safe 0885-3010 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See ht. tp://ww. w.ieee.org/publications_standards/publications/rights/index.html for more information. steering range was assumed when the highest grating lobe amplitude was under −6 dB. Fig. 2 shows the FUS pressure field in water with lateral steering at 0, 0.85, 1.7, and 2.55 mm. The grating lobe amplitude keeps increasing with the steering distance and exceeds −6 dB of the maximum pressure when the steering distance is over 1.7 mm in lateral direction. The HMI displacement was imaged within the steering range of ±1.7 and ±2 mm in the lateral and axial direction in tissue-mimicking phantoms, respectively. A peak-to-peak displacement map was generated, and a maximum peak-topeak displacement amplitude value was found. The maximum peak-to-peak displacement location was also found and shown in Fig. 3(B) and (C) . Fig. 3(B) shows that the maximum peakto-peak displacement spot moves laterally from the geometric focus when lateral steering is applied (n = 5). And Fig. 3(C) shows that the maximum peak-to-peak displacement spot moves away in axial direction from the geometric focus when axial steering is applied (n = 5).
Using the maximum peak-to-peak displacement amplitude value, we calculated −6 dB displacement focal zone to represent the radiation force engaged area. The peak-to-peak HMI displacement amplitude is directly correlated with acoustic intensity in a homogenous phantom or tissue [13] . Based on this relationship, the areas of the −6 dB displacement focal zone were computed based on the maximum displacement amplitude. In Fig. 4 , the ellipses indicating the theoretical targeted area were overlaid onto the focal area defined by −6 dB displacement focal zone. In Fig. 4(a) , the white area indicated the −6 dB displacement focal zone, which is also the radiation-force engaged region in the phantom. The focal zone has been found to be larger than the FUS spot in water due to the connectivity in the material. Regarding the shape of the focal zone, perfect ellipse is rarely seen in experiments as a result of the inhomogeneity in the phantom. With ±1.7 mm lateral and ±2 mm axial steering, the five raster steering generated a total −6 dB excited region equaling 46 mm 2 , which is 2.3 times larger than the original −6 dB excited region of 19.9 mm 2 . Using the maximum speed of the positioner at 10 mm/s, it takes 200 ms to move the focal spot to the next axial location in Fig. 4(b) . In order to raster scan the entire excited region in Fig. 4(b) , the transducer requires to be moved at least 15 times which total 3 s of mechanical movement plus the communication time between the computer and the positioner. In the meanwhile, the time duration of electronic steering was negligible comparing to the physical movement.
III. DISCUSSION
Using the steered FUS beam, HMI can be used to image a 2.3 times larger ROI without requiring physical movement of the transducer. Using the steering for HMI, the total imaging duration can be shortened without requiring physical movement of the transducer. The main limitation of this letter lies in the design of the FUS transducer, which constrained the effective steering range of the FUS beam to ±1.7 mm and ±2 mm in the lateral and axial direction. The ongoing efforts will focus on designing a FUS transducer with more elements and lower center frequency to enlarge the effective steering range for HMI.
